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The ion transfer and adsorption mechanism of flavin derivatives, riboflavin (RF) and flavin 
mononucleotide (FMN), at the polarized water|1,2-dichloroethane (DCE) interface were studied 
in the presence of the fourth generation (G4) amino-terminated polyamidoamine (PAMAM) 
dendrimer or hyperbranched bis-MPA polyester-64-hydroxyl (HBP). The flavin derivatives 
associated with the positively charged G4 PAMAM dendrimer both in the aqueous solution and at 
the water|DCE interface. Spectroelectrochemical analysis through potential-modulated 
fluorescence spectroscopy demonstrated that the dendrimer-bound flavin derivatives were 
transferred across the water|DCE interface in the positive potential region, while the interfacial 
adsorption of flavin derivatives in the negative potential region was effectively inhibited by the 
competitive adsorption of the neutral G4 HBP molecules. 
 
Keywords 
Flavin derivatives; Interface between two immiscible electrolyte solutions (ITIES); PAMAM 




The interface between two immiscible electrolyte solutions (ITIES) is a useful model of 
biomembrane systems where charge transfer and adsorption processes could be controlled as a 
function of the Galvani potential difference between two liquid phases [1]. The electrochemical 
analysis of bioactive substances in biomimetic liquid-liquid systems is significantly important, 
since it is difficult to elucidate the complicated pharmacokinetics of ionizable species consisting 
of molecular association, acid-base equilibrium and distribution on or across a biomembrane [2-
4]. On the other hand, parallel artificial membrane permeability assay (PAMPA) has been widely 
used to predict the passive permeation of drug molecules through a biomembrane [5, 6]. The 
characteristic correlations between the transfer potential of ionizable drugs and the permeability 
coefficient measured in PAMPA shows a validity of voltammetric data as a drug permeability 
scale [7]. Although PAMPA is a useful experimental technique providing a high throughput 
screening ability, the analysis of the transmembrane mechanism of drug molecules remains 
difficult and, in particular, other surface-sensitive technique is essential to elucidate the interfacial 
process in detail. 
Dendritic polymers such as dendrimer, dendrigraft polymer and hyperbranched polymer 
have attracted much attention as drug carriers for drug delivery systems (DDS) as well as protein 
mimetics [8-11]. Among the various dendritic polymers, polyamidoamine (PAMAM) dendrimers 
with ionic groups and aliphatic polyester hyperbranched polymers based on 2,2-
bismethylolpropionic acid (bis-MPA) monomers have structural and physicochemical properties 
as potential drug carriers, in which small guest molecules are accommodated in the interior cavity 
with electrostatic and/or nonelectrostatic interactions. Recently, the intermolecular associations of 
ionic species with the PAMAM dendrimer have been studied at the liquid|liquid interface where 
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the charge transfer mechanism is effectively influenced by the electrostatic formation of 
dendrimer-ion associates [12-14]. The molecular association of bioactive substances with the 
dendritic polymer has, however, rarely been investigated at the liquid|liquid interface [15]. 
Riboflavin (RF) known as vitamin B2 is composed of isoalloxazine ring and ribitol chain, and 
flavin mononucleotide (FMN) with a phosphate-ribitol chain is a prosthetic group of 
oxidoreductases which plays important roles in the electron transfer in vivo [16]. Flavoprotein 
contains those flavin derivatives via either covalent or noncovalent bonds, where the anionic FMN 
molecule binds to proteins in a different manner than the neutral RF molecule [17-19]. In this study, 
the interfacial behavior of RF and FMN was spectroelectrochemically studied at the water|1,2-
dichloroethane (DCE) interface in the presence of the positively charged PAMAM dendrimer or 
neutral hyperbranched bis-MPA polyester-64-hydroxyl as a model of DDS and noncovalently 
protein-bound/lipid-bound flavin derivatives on a biomembrane. 
 
2. Experimental 
The cell composition represented in Cell I was used for all electrochemical experiments. 
The flavin derivative and dendritic polymer were dissolved in the aqueous phase, where the pH 
condition was adjusted at pH 7.1−7.3 by adding 5.0×10−3 mol dm−3 LiH2PO4/LiOH. The fourth 
generation (G4) dendritic polymers, amino-terminated PAMAM dendrimer with ethylenediamine 
core and hyperbranched bis-MPA polyester-64-hydroxyl (HBP), are of spherical shape with an 
Ag AgCl 
1.0×10−3 mol dm−3 
BTPPACl 
1.0×10−2 mol dm−3 
LiCl 
(aq) 










Cell I: Composition of the electrochemical cell. 
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adequate size to incorporate flavin derivatives [20, 21] and were purchased from Aldrich. RF 
(Kanto Chemical), FMN (Wako Chemicals) and lumichrome (LC) (TCI) were used as received. 
All other reagents were of the highest grade available. The supporting electrolytes were LiCl for 
the aqueous phase and bis(triphenylphosphoranylidene)ammonium 
tetrakis(pentafluorophenyl)borate (BTPPATPFB) for the organic phase, respectively. The aqueous 
solutions were prepared with purified water from a Milli-Q system (Millipore Direct-Q3UV). The 
water|DCE interface with a geometrical area of 0.50 cm2 was polarized by a four-electrode 
potentiostat (Hokuto Denko HA1010mM1A) with platinum wire counter and Ag/AgCl reference 
electrodes in both aqueous and organic phases. The Galvani potential difference ( owwo φφφ −≡∆ ) 
was estimated by taking the formal transfer potential ( 'wo
φ∆ ) of tetramethylammonium cation as 
0.160 V [22]. In the potential-modulated fluorescence (PMF) measurements, the polarized 
water|DCE interface was illuminated by a cw laser diode of 50 mW at 404 nm (Coherent CUBE 
405-50C) under total internal reflection (TIR). The fluorescence signal from the interfacial region 
was measured at 522 nm for RF and 523 nm for FMN by a monochromator equipped with a 
photomultiplier tube (Shimadzu SPG-120S) and analyzed as a function of ac potential modulation 
by a digital lock-in amplifier (NF LI5640). The ac amplitude was 20 mV at 1 Hz and the linear 
potential sweep rate was 5 mV s−1. Further details of the PMF setup and analytical procedure are 
described elsewhere [23, 24]. The 1H NMR spectra of flavin derivatives in D2O were recorded on 
a 400 MHz spectrometer (JEOL JNM-ECS400). All experiments were carried out in a 
thermostated room at 298±2 K. 
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3. Results and Discussion 
3.1. Molecular association between flavin derivatives and dendritic polymers in aqueous solution 
Typical absorption and fluorescence spectra of RF and FMN with the equimolar G4 
dendritic polymers in the aqueous solution are shown in Fig. 1. In the RF system, the absorption 
peak at 373 nm was slightly blue-shifted to 370 nm by adding the PAMAM dendrimer, while the 
  
Fig. 1 Absorption and fluorescence spectra of (a) RF and (b) FMN in the aqueous solution at 
pH 7.1−7.3. The black dotted lines depict the spectra measured in the absence of the dendritic 
polymers. The blue and red lines refer to the spectra in the presence of the PAMAM dendrimer 
and HBP, respectively. The concentration of the flavin derivatives and dendritic polymers was 
1.0×10−5 mol dm−3. The fluorescence spectra were measured at an excitation wavelength of 
404 nm. 
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absorbance at 445 nm and fluorescence intensity at 534 nm were decreased. No obvious effect on 
the spectra was observed in the presence of HBP. The spectral results indicated a certain interaction 
between RF and the dendrimer in the aqueous solution. On the other hand, the spectral features of 
FMN were not significantly changed in the presence of the dendritic polymers. 1H NMR spectra 
measured for the PAMAM dendrimer in D2O demonstrated the specific interaction between the 
flavin derivatives and the dendrimer, in which four broad peaks attributed to methylene protons in 
the interior and periphery moieties were shifted upfield by ca. 0.02 ppm and the new peak was 
observed around 2.72 ppm in the presence of either RF or FMN (Fig. 2a) [25, 26]. This upfield 
shift is not caused by the electrostatic interaction between the flavin derivatives and the dendrimer 
which induces a decrease of the electron density on methylene protons. The PAMAM dendrimer 
with the hydrophobic interior has a number of amide and tertiary amine groups as hydrogen 
  
Fig. 2 1H NMR spectra of (a) PAMAM dendrimer and (b) HBP in D2O in (i) the absence and 
presence of the equimolar (ii) RF and (iii) FMN. The concentrations of (a) PAMAM 
dendrimer and (b) HBP were 5.0×10−5 mol dm−3 and 1.0×10−5 mol dm−3, respectively. 
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bonding sites. The NMR spectra, thus, suggest that uncharged moieties of flavin derivatives 
associate with the nonpolar interior or periphery of the dendrimer through the hydrophobic 
interaction and/or hydrogen bonding as reported in the DNA and cyclodextrin systems [27-29]. 
Although the electrostatic interaction with the positively charged dendrimer should also be 
considered for the FMN anions in the aqueous solution, the downfield shift attributed to the 
electrostatic interaction was not clearly observed under the present experimental condition. As 
shown in Fig. 2b, the 1H NMR spectra of HBP in D2O were only slightly shifted by adding RF or 
FMN, indicating that HBP hardly interacts with the flavin derivatives in aqueous solution. 
3.2. Interfacial mechanism of flavin derivatives affected by dendritic polymers 
The fundamental behavior of the flavin derivatives at the water|DCE interface was 
investigated under neutral pH conditions through the electrochemical measurements. At pH 7.1, 
the noncharged RF (pKa,RF = 9.88) is the dominant species, whereas FMN (pKa1,FMN = 6.18, 
pKa2,FMN = 10.08) exists mainly as a monoanionic form (FMN−) [30]. In the RF system, the cyclic 
voltammograms (CVs) and capacitance curves were almost identical to the base electrolyte system 
(Figs. 3a and 3c), because of no charge transfer and adsorption at the interface. The capacitance 
in the FMN system was slightly increased at φwoV22.0 ∆<−  , while the ion transfer response was 
not clearly observed within the potential window (Figs. 3b and 3d). The electrochemical data 
indicated that FMN− is not transferred across the interface under neutral pH conditions but its weak 
interfacial adsorption takes place over the potential window. In the presence of the dendrimer, 
electrochemical responses of the flavin derivatives were buried in the ion transfer and adsorption 
responses of positively charged  dendrimers accompanied by the facilitated transfer of the organic 
electrolyte anion, tetrakis(pentafluorophenyl)borate (TPFB−) at the positive edge of the potential 
window [31, 32]. The capacitance measured in the presence of HBP was effectively decreased at 
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V0wo <∆ φ  due to the preferential adsorption of neutral HBP molecules (Figs. 3c and 3d). The 
intrinsic electrochemical responses of the dendrimer and HBP at the water|DCE interface are 
summarized in Supplementary material: S1. 
The PMF analysis was carried out to elucidate the interfacial mechanism of the fluorescent 
flavin derivatives in the presence of the dendritic polymers. The high selectivity of PMF 
  
Fig. 3 CVs and capacitance curves of (a, c) RF and (b, d) FMN at pH 7.1−7.3. The potential 
sweep rates were (a, b) 50 mV s−1 and (c, d) 5 mV s−1, respectively. (c, d) The dotted lines 
refer to the base electrolyte system at pH 7.1. The amplitude of ac potential modulation was 
10 mV at 7 Hz. The concentration of the flavin derivatives and dendritic polymers was 
1.0×10−5 mol dm−3. 
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spectroscopy to potential-dependent interfacial phenomena enables us to analyze the transfer and 
adsorption mechanism of charged fluorescent species. The PMF responses (∆F) are expressed as 
functions of the faradaic ac current for an ion transfer and the ac potential-modulated surface 
coverage for an adsorption, respectively (Supplementary material: S2) [23, 24]. Fig. 4 shows the 
potential dependences of the PMF responses measured for RF and FMN in the presence and 
absence of the equimolar dendritic polymer. Although, in principle, the PMF signal should not be 
observed for the neutral RF which is not transferred and adsorbed depending on φwo∆ , the broad 
  
Fig. 4 Potential dependences of the PMF responses for (a) RF and (b) FMN at pH 7.1−7.3. The 
solid and dotted lines depict the real and imaginary components, respectively. The 
concentration of flavin derivatives and dendritic polymers was 1.0×10−5 mol dm−3. 
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PMF response was obtained even in the absence of the dendritic polymer. It is known that the 
ionizable photoproducts such as lumichrome (LC) are generated from RF under UV-vis 
irradiations [33-35]. LC coexists with a small abundance of its monoanionic form at neutral pH 
[36-38]. In fact, LC displayed the similar PMF responses to the RF system (Supplementary 
material: S3 and S4). Therefore, the PMF responses observed in the RF system are considered 
those for the LC species which is generated under the TIR excitation and adsorbed at the interface. 
The PMF responses were totally vanished by adding the surface-active HBP, indicating that the 
adsorption of LC− could be inhibited by the competitive adsorption of HBP. In the presence of the 
positively charged PAMAM dendrimer, the weak PMF signals were measured as positive real 
( reF∆  > 0) and negative imaginary components ( imF∆  < 0) at 0.33 V and reF∆  < 0, imF∆  > 0 at 
0.36 V, respectively (Fig. 4a, inset). These PMF responses were attributed to the ion transfer of 
the dendrimer-bound fluorescent RF (or LC) and its adsorption at the organic side of the interface 
[32]. In the FMN system (Fig. 4b), the bell-shaped PMF responses ( reF∆  < 0, 0 < imF∆ ) obtained 
around −0.32 V demonstrated that the adsorption process of the anionic FMN− occurs at the 
aqueous side of the interface [24]. The PMF intensity was drastically decreased in the presence of 
HBP similarly to the RF system, where the preferential adsorption of HBP depressed the 
adsorption of FMN−. The addition of the PAMAM dendrimer also weakened the PMF responses 
around −0.32 V, where the positively charged dendrimer shows no affinity for the interface [14]. 
It has been reported that the transfer potential of anionic species is negatively shifted as a function 
of the stability of the PAMAM dendrimer-anion associate in the aqueous phase [12, 13]. A 
negligible potential shift of PMF response implies a rather weak association in the present system. 
The weakened PMF response, therefore, reflects a decrease in the effective diffusion coefficient 
of free FNM− in the interfacial region due to the electrostatic interaction with the positively 
 12 
charged dendrimer. In addition, the complicated PMF signals at 0.35 V < φwo∆  (Fig. 4b, inset) 
could be attributed to the partial dissociation of FMN− from the dendrimer-FMN associates during 
its transfer process across the interface. These PMF results exhibit the specific molecular 
association between the dendritic polymers and FMN in the interfacial region. 
 
4. Conclusions 
The transfer and adsorption of the flavin derivatives in the presence and absence of the 
dendritic polymers were studied at the polarized water|DCE interface. The PMF analysis 
uncovered the specific interactions between the flavin derivatives and the dendritic polymers in 
the interfacial region, where the adsorption processes of the flavin derivatives were effectively 
inhibited by the competitive adsorption of surface-active HBP molecules. On the other hand, the 
flavin derivatives formed the ion-associates with the positively charged PAMAM dendrimer, and 
the dendrimer-bound flavin derivatives could be transferred across the interface at the positive 
edge of the potential window. The present results demonstrated that the dendritic polymers 
specifically interact with both ionized and neutral flavin derivatives and affect the charge transfer 
mechanism at the polarized liquid|liquid interface. The interfacial molecular association involving 
dendritic polymers observed in this study allows us to estimate the fundamental transmembrane 
features of dendritic polymer-based drug carriers for DDS as well as noncovalently 
biomacromolecule-bound substances, i.e., flavoproteins. Furthermore, the examined dendritic 






This work was supported by Grants-in-Aid for Scientific Research (C) (Nos.16K05811 and 
24550097) from Japan Society for the Promotion of Science (JSPS) and the Kanazawa University 
CHOZEN Project. H. S. thanks the JSPS Research Fellowship for Young Scientists (No.15J03765). 




[1] H.H. Girault, Electrochemistry at Liquid-Liquid Interfaces, in: A.J. Bard, C.G. Zoski (Eds.), 
Electroanalytical Chemistry, CRC Press2010, pp. 1-104. 
[2] M. Senda, Y. Kubota, H. Katano, Voltammetric study of drugs at liquid-liquid interfaces, in: 
A.G. Volkov (Ed.), Liquid interfaces in chemical, biological, and pharmaceutical applications, 
Marcel Dekker, New York, 2001, pp. 683-698. 
[3] F. Reymond, V. Chopineaux-Courtois, G. Steyaert, G. Bouchard, P.A. Carrupt, B. Testa, H.H. 
Girault, Ionic partition diagrams of ionisable drugs: pH-lipophilicity profiles, transfer 
mechanisms and charge effects on solvation, J. Electroanal. Chem. 462(2) (1999) 235-250. 
[4] K. Arai, F. Kusu, K. Takamura, Electrochemical behavior of drugs at the oil/water interface, 
in: A.G. Volkov, D.W. Deamer (Eds.) Liquid-Liquid Interfaces Theory and Methods, CRC Press, 
1996, pp. 375-400. 
[5] M. Kansy, F. Senner, K. Gubernator, Physicochemical high throughput screening: Parallel 
artificial membrane permeation assay in the description of passive absorption processes, J. Med. 
Chem. 41(7) (1998) 1007-1010. 
[6] A. Avdeef, The rise of PAMPA, Expert Opin. Drug Metab. Toxicol. 1(2) (2005) 325-342. 
[7] M. Nakamura, T. Osakai, Evaluation of the membrane permeability of drugs by ion-transfer 
voltammetry with the oil|water interface, J. Electroanal. Chem.  (2016) 
doi:10.1016/j.jelechem.2016.05.005. 
[8] D.A. Tomalia, J.B. Christensen, U. Boas, Dendrimers, dendrons, and dendritic polymers: 
discovery, applications, and the future, Cambridge University Press, Cambridge, 2012. 
[9] Y. Cheng, Dendrimer-based drug delivery systems: from theory to practice, Wiley, Hoboken, 
2012. 
 15 
[10] D. Astruc, E. Boisselier, C. Ornelas, Dendrimers designed for functions: From physical, 
photophysical, and supramolecular properties to applications in sensing, catalysis, molecular 
electronics, photonics, and nanomedicine, Chem. Rev. 110(4) (2010) 1857-1959. 
[11] A. Carlmark, E. Malmstrom, M. Malkoch, Dendritic architectures based on bis-MPA: 
functional polymeric scaffolds for application-driven research, Chem. Soc. Rev. 42(13) (2013) 
5858-5879. 
[12] H. Nagatani, T. Sakamoto, T. Torikai, T. Sagara, Encapsulation of 
anilinonaphthalenesulfonates in carboxylate-terminated PAMAM dendrimer at the polarized 
water|1,2-dichloroethane interface, Langmuir 26(22) (2010) 17686-94. 
[13] H. Sakae, H. Nagatani, K. Morita, H. Imura, Spectroelectrochemical characterization of 
dendrimer-porphyrin associates at polarized liquid|liquid interfaces, Langmuir 30(3) (2014) 937-
945. 
[14] H. Nagatani, H. Sakae, T. Torikai, T. Sagara, H. Imura, Photoinduced electron transfer of 
PAMAM dendrimer-zinc(II) porphyrin associates at polarized liquidlliquid interfaces, Langmuir 
31(22) (2015) 6237-6244. 
[15] H. Sakae, H. Nagatani, H. Imura, Ion transfer and adsorption behavior of ionizable drugs 
affected by PAMAM dendrimers at the water|1,2-dichloroethane interface, Electrochim. Acta 
191 (2016) 631-639. 
[16] V. Massey, The chemical and biological versatility of riboflavin, Biochem. Soc. Trans. 28 
(2000) 283-296. 
[17] M. Mewies, W.S. McIntire, N.S. Scrutton, Covalent attachment of flavin adenine dinucleotide 
(FAD) and flavin mononucleotide (FMN) to enzymes: The current state of affairs, Protein Sci. 
7(1) (1998) 7-20. 
 16 
[18] Z. Zhou, R.P. Swenson, Electrostatic effects of surface acidic amino acid residues on the 
oxidation - Reduction potentials of the flavodoxin from Desulfovibrio vulgaris (Hildenborough), 
Biochemistry 34(10) (1995) 3183-3192. 
[19] R.P. Swenson, G.D. Krey, Site-directed mutagenesis of tyrosine-98 in the flavodoxin from 
Desulfovibrio vulgaris (Hildenborough): Regulation of oxidation-reduction properties of the 
bound FMN cofactor by aromatic, solvent, and electrostatic interactions, Biochemistry 33(28) 
(1994) 8505-8514. 
[20] P.K. Maiti, T. Cagin, S.T. Lin, W.A. Goddard III, Effect of solvent and pH on the structure 
of PAMAM dendrimers, Macromolecules 38(3) (2005) 979-991. 
[21] E. Žagar, M. Žigon, Aliphatic hyperbranched polyesters based on 2,2-bis(methylol)propionic 
acid - Determination of structure, solution and bulk properties, Prog. Polym. Sci. 36(1) (2011) 
53-88. 
[22] T. Wandlowski, V. Mareček, Z. Samec, Galvani potential scales for water-nitrobenzene and 
water-1,2-dichloroethane interfaces, Electrochim. Acta 35(7) (1990) 1173-1175. 
[23] H. Nagatani, T. Sagara, Potential-modulation spectroscopy at solid/liquid and liquid/liquid 
interfaces, Anal. Sci. 23(9) (2007) 1041-1048. 
[24] H. Nagatani, D.J. Fermín, H.H. Girault, A kinetic model for adsorption and transfer of ionic 
species at polarized liquid|liquid interfaces as studied by potential modulated fluorescence 
spectroscopy, J. Phys. Chem. B 105(39) (2001) 9463-9473. 
[25] J.J. Hu, Y.Y. Cheng, Q.L. Wu, L.B. Zhao, T.W. Xu, Host-guest chemistry of dendrimer-drug 
complexes. 2. Effects of molecular properties of guests and surface functionalities of dendrimers, 
J. Phys. Chem. B 113(31) (2009) 10650-10659. 
[26] J.J. Hu, Y.Y. Cheng, Y.R. Ma, Q.L. Wu, T.W. Xu, Host-guest chemistry and physicochemical 
 17 
properties of the dendrimer-mycophenolic acid complex, J. Phys. Chem. B 113(1) (2009) 64-74. 
[27] Q. Wang, Q. Wu, J. Wang, D.D. Chen, P. Fan, B.X. Wang, Spectroscopic investigation on 
interaction and sonodynamic damage of riboflavin to DNA under ultrasonic irradiation by using 
methylene blue as fluorescent probe, Spectrochim. Acta A 117 (2014) 754-762. 
[28] M.B. de Jesus, L.F. Fraceto, M.F. Martini, M. Pickholz, C.V. Ferreira, E. de Paula, Non-
inclusion complexes between riboflavin and cyclodextrins, J. Pharm. Pharmacol. 64(6) (2012) 
832-842. 
[29] X.M. Wang, H.Y. Chen, A spectroelectrochemical study of the interaction of riboflavin with 
β-cyclodextrin, Spectrochim. Acta A 52(5) (1996) 599-605. 
[30] H. Sigel, B. Song, G.G. Liang, R. Halbach, M. Felder, M. Bastian, Acid-base and metal ion-
binding properties of flavin mononucleotide (FMN2-). Is a 'dielectric' effect responsible for the 
increased complex stability?, Inorg. Chim. Acta 240(1-2) (1995) 313-322. 
[31] A. Berduque, M.D. Scanlon, C.J. Collins, D.W.M. Arrigan, Electrochemistry of non-redox-
active poly(propylenimine) and poly(amidoamine) dendrimers at liquid-liquid interfaces, 
Langmuir 23(13) (2007) 7356-7364. 
[32] H. Nagatani, T. Ueno, T. Sagara, Spectroelectrochemical analysis of ion-transfer and 
adsorption of the PAMAM dendrimer at a polarized liquid|liquid interface, Electrochim. Acta 
53(22) (2008) 6428-6433. 
[33] I. Ahmad, Q. Fasiliullah, F.H.M. Vaid, A study of simultaneous photolysis and photoaddition 
reactions of riboflavin in aqueous solution, J. Photochem. Photobiol., B 75(1-2) (2004) 13-20. 
[34] I. Ahmad, Q. Fasihullah, F.H.M. Vaid, Effect of light intensity and wavelengths on 
photodegradation reactions of riboflavin in aqueous solution, J. Photochem. Photobiol. B: Biol. 
82(1) (2006) 21-27. 
 18 
[35] W. Holzer, J. Shirdel, P. Zirak, A. Penzkofer, P. Hegemann, R. Deutzmann, E. Hochmuth, 
Photo-induced degradation of some flavins in aqueous solution, Chem. Phys. 308(1-2) (2005) 
69-78. 
[36] A. Koziolowa, Solvent and methyl substituent effect on phototautomerism and ionization of 
alloxazines, Photochem. Photobiol. 29(3) (1979) 459-471. 
[37] D. Prukala, E. Sikorska, J. Koput, I. Khmelinskii, J. Karolczak, M. Gierszewski, M. Sikorski, 
Acid-base equilibriums of lumichrome and its 1-methyl, 3-methyl, and 1,3-dimethyl derivatives, 
J. Phys. Chem. A 116(28) (2012) 7474-7490. 
[38] M. Marchena, M. Gil, C. Martin, J.A. Organero, F. Sanchez, A. Douhal, Stability and 
photodynamics of lumichrome structures in water at different pHs and in chemical and biological 
caging media, J. Phys. Chem. B 115(10) (2011) 2424-2435. 
 
